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a b s t r a c t
In this paper, we propose to use optical dispersion compensation based on the widely deployed compensatingfiber (DCF) employing directly modulated lasers (DMLs) to improve the power budget in a symmetric 40 Gb/stime and wavelength division multiplexed-passive optical network (TWDM-PON) systems. The DML outputwaveforms in terms of output optical power, bandwidth enhancement factor (𝛼) characteristics are investigatedin order to minimize the effect of DML chirp and improve the transmission performance. Simulation results showdispersion compensation of up to 140 km of SMF with power budget of 56.6 dB and less than 2 dB dispersionpenalty. The feasibility of bandwidth enhancement factor and power budget is also investigated. The simulationresults indicate sufficient dispersion compensation for TWDM-PON based on DML transmission, which may varyconsiderably in their practical demonstration due to different system characterization.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction
The incessant rise of bandwidth demand in broadband access net-works in both industry and academia is a challenge that requiresintensive innovations to be satisfactorily met [1]. For instance, multi-media applications such as video on demand (3D video and super HD),cloud computing, social network, peer to peer file sharing and onlinegaming are main bandwidth drivers in future broadband convergenceservices [2]. Recently, time and wavelength division multiplexing-passive optical networks (TWDM-PON) have been a pragmatic solutionin both industry and academia aspects for next generation-passiveoptical network second stage (NG-PON2) by full service access network(FSAN) group of telecom company members [3]. While the key tech-nologies of TWDM-PON components are more likely as used in previousstandardized PON systems, it could be of interest for researchers as wellas the practitioners to take into serious consideration the applicationof these distinct technologies [4]. Such new applications will driveand utilize innovations to solve a near future problem in TWDM-PONarchitecture transmission, as the key issue for cost reduction in TWDM-PON investment can be realized by improving the power budget. Thus,there is a great demand for high power budget transmission in TWDM-PON deployment. Direct modulated lasers (DMLs) have the potential to
* Correspondence to: Innovative Engineering Research Alliance, Universiti Technologi Malaysia (UTM), Johor 81310, Malaysia.E-mail address: Salembindhaiq05@gmail.com (S. Bindhaiq).
satisfy the key TWDM-PON technologies, such as optical network unit(ONU) transmitters due to its benefits such as lower cost implemen-tation, compactness, small power consumption, and high optical out-put power transmitter [5,6]. However, the major technical challengesassociated with the use of DML are wavelength frequency chirp thatlimits the modulation bandwidth of the DML and the dispersion-inducedwaveform distortions [7–11]. To apply DML to 10 Gb/s transmissionsystems and further to 40 Gb/s TWDM-PON application to combat thelimited modulation bandwidth of our laser sources as well as chromaticdispersion for higher power budget, a detailed knowledge of DML chirpand allowable dispersion is required. Table 1 summarizes transmissionresults from the literature which use TWDM-PON DMLs for powerbudgets improvement and have set a record in terms of modulationformat, method utilized, distance, splitting ratio and achievable powerbudget. It provides the readers with an overview on the current state ofthe art in terms of TWDM-PON based DML capabilities for the purposeof the power budget improvement.Several interested research groups have been actively targeting DML-based 40 Gb/s TWDM-PON for power budget improvement, as summa-rized in Table 1, where the results of power budget are listed basedon the achievable value, which is the aim of this paper. An alternative
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Table 1Recent development on 40 Gb/s TWDM-PON utilizing DML for power budget improvement.
Ref ModulationFormat Method utilized Distance (km) Splittingratio Power budget (dB)
[12] NRZ TOF 25 256 31[13] Duo-binary DI 40 64 31[14] NRZ- (OEQ) DI 40 NA 36[15] NRZ NA 20 512 37[16] NRZ DI 50 256 38[17] NRZ TOF 25 1000 39[5] NRZ DI 100 64 43.2[18] NRZ SOA 40 2000 51[19] NRZ DI 100 512 53
way to improve the power budget is reported by Zhengxuan Li et al.that utilize the advantages of the ability of a tunable optical filter (TOF)to select the downstream signal, thereby helping to manage the DMLupstream signal chirp. This enables the TWDM-PON system to supporta reach of 25 km and 256 splitting ratio [12]. In [12], we find the 31 dBpower budget is achieved where the NRZ modulation format is applied.A similar power budget of 31 dB is achieved in [13] by Zhengxuan Liet al. The purpose of the work is to improve the capacity of TWDM-PONDML with duobinary modulation format where delay interferometer(DI) is employed to mitigate the chromatic dispersion induced signaldistortion where the system is capable of supporting 64 users within40 km reach. Zhengxuan Li et al. extend the power budget of TWDM-PON system to 36 dB using DI to work as a dispersion compensator andan optical frequency equalizer (OEQ) [14]. This system uses NRZ-OEQmodulation that covers a reach of 40 km SMF. A power budget of 37 dBfor TWDM-PON was achieved by Yuanqiu Luo et al. in [15] using DMLwith NRZ modulation format as the upstream laser source with a reachof 20 km. Meihua Bi et al. propose a TWDM-PON system with a DI atONU to simultaneously realize the downstream differential phase shiftkeying (DPSK) signal demodulation and managed the upstream DMLsignal chirp for the first time with 38 dB power budget supporting 256users along with 50 km SMF transmission [16]. Following that, LilinYi et al. present an improved TWDM-PON system to support a distanceof 25 km with 39 dB power budget by changing the location of chirpmanagement filter from ONU to optical line terminal (OLT) right afterthe preamplifier for upstream signals [17]. Meihua Bi et al. improvethe power budget of a TWDM-PON system with DML using a DI atOLT for both downstream and upstream directions to extend the powerbudget of 43.2 dB over 100 km distance reach for a 64 split supportivesystem [5]. Zhengxuan Li et al. push the TWDM-PON system powerbudget using a semiconductor optical amplifier (SOA) to 51 dB powerbudget supporting 2000 users with 40 km passive reach [18]. ZhengxuanLi et al. . improve the TWDM-PON system power budget through DIalong with optical amplifier, such as Raman amplifier and erbium dopedfiber amplifiers (EDFAs), to 53 dB power budget supporting 512 userswith 100 km passive reach [19]. It is worth noting that all of the resultsat 53 dB of power budget for 40 Gb/s TWDM-PON system have beenobtained with an essentially NRZ DML transmission system. It is alsonoted that the 40 Gb/s TWDM-PON system based DML transmissionstill have capability to support higher power budget record for furtherservice to remote places.In this paper, we propose to use a DCF in OLT employed 10 Gb/sNRZ DMLs to improve the power budget of symmetric 40 Gb/s TWDM-PON system. Initially, the dynamic behavior of 10 Gb/s NRZ DML isanalyzed using a theoretical approach of DML output characterizationsuch as the output power (bias current), bandwidth enhancement factor(𝛼) characteristics in order to predict the lowest DML chirp required toenhance the spectral width of the DML, is presented. The simulationresults show a power budget of 56.6 dB after transmission over 140km SMF and 512 users for 40 Gb/s TWDM-PON system. Our simulationresults demonstrate a sufficient dispersion compensation for DML-basedTWDM-PON transmission system. While results are not absolute dueto variations that can occur in practical implementation, our analysisdemonstrates the feasibility of using DCF to improve the power budgetof 40 Gb/s TWDM-PON links.
The paper is organized as follows. The transmission performance of10 Gb/s DML with dispersion compensation is described in Section 2.This includes DML theoretical approach and 10 Gb/s DML transmissionperformance. The symmetric 40 Gb/s TWDM-PON with dispersion com-pensation is presented in Section 3. Section 4 investigates the feasibilityof the bandwidth enhancement factor and dispersion compensation withpower budget. Finally, conclusion is given in Section 5.
2. Transmission performance of 10 Gb/s DML with dispersioncompensation
2.1. DML theoretical approach
Let us make the optical source of DML centered at 𝜔𝑜 = 2𝜋𝜈𝑜 which ismodulated by both intensity and phase components. Hence, the complexoptical field at the output of the light source is given by [20]:
𝐸𝑖𝑛 (𝑡) =
√
𝐼𝑖𝑛 (𝑡) exp
(
𝑗𝛷𝑖𝑛 (𝑡)
)
exp
(
𝑗𝜔𝑜𝑡
) (1)
where 𝐼𝑖𝑛 (𝑡) represents the intensity modulation signal that can beexpressed as:
𝐼𝑖𝑛 (𝑡) = 𝑃𝑖𝑛 (𝑡) = 𝑃𝑜
(
1 + 𝑚𝐼𝑀 cos
(
𝜔𝑡 + 𝜑𝐼𝑀
)) (2)
where 𝑃𝑜 is the output power, 𝑚𝐼𝑀 is the intensity modulation index,
𝜔 is the angular modulation frequency and 𝜑𝐼𝑀 is the phase associatedwith the intensity modulation term. The direct current term stands forthe necessary bias and the amplitude of the signal is proportional to√
𝑃𝑖𝑛 (𝑡). The relation between amplitude and intensity modulations canbe written in the form:√
𝑃𝑖𝑛 (𝑡) ≅
√
𝑃𝑜
(
1 +
𝑚𝐼𝑀
2
cos (𝜔𝑡)
)
= 𝐴𝑜
(
1 + 𝑚𝐴𝑀 cos (𝜔𝑡)
) (3)
where 𝐴𝑜 is the mean amplitude of the signal and 𝑚𝐴𝑀 representsamplitude modulation index. The phase modulation 𝛷𝑖𝑛 (𝑡) can bewritten in the form:
𝛷𝑖𝑛 (𝑡) = 𝑚𝑃𝑀 cos
(
𝜔𝑡 + 𝜑𝑃𝑀
) (4)
where 𝑚𝑃𝑀 is the phase modulation index and 𝜑𝑃𝑀 is the initial phaseassociated to𝛷𝑖𝑛 (𝑡). For simplicity, we can note Eq. (1) can be a functionof the phase difference as 𝛥𝜑 = 𝜑𝑃𝑀 − 𝜑𝐼𝑀 , so then:
𝑃𝑖𝑛 (𝑡) = 𝑃𝑜
(
1 + 𝑚𝐼𝑀 cos (𝜔𝑡)
) (5)
𝛷𝑖𝑛 (𝑡) = 𝑚𝑃𝑀 cos
(
𝜔𝑡 + 𝜑𝑃𝑀
)
. (6)
Hence, the phase 𝛷𝑖𝑛 (𝑡) in Eq. (1) depends on the modulation of theoptical frequency of the light source caused by 𝐼𝑖𝑛 (𝑡). Indeed, the chirpof the light source that arrives due to the changing of its polarizationcurrent during the intensity modulation will cause a variation in thecarriers’ density and this will directly affect the source’s refractive index.The phase modulation contribution is coupled to intensity modulation,meaning that 𝛷𝑖𝑛 (𝑡) is a function of 𝑃𝑖𝑛.
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2.1.1. Rate equation modelThe signal single mode rate equations are a set of coupled ordinarydifferential equations that described relationship between carrier den-sity 𝑁 and photon density 𝑆 [21].
𝑑𝑆 (𝑡)
𝑑𝑡
= 𝛤𝑔𝑜
(
𝑁 (𝑡) −𝑁𝑜
) 𝑆 (𝑡)
(1 + 𝜀)
− 𝑆 (𝑡)
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(8)
𝑅𝑠𝑝 = 𝐴𝑁 (𝑡) + 𝐵𝑁(𝑡)2 + 𝐶𝑁(𝑡)3 (9)
where 𝛤 is the confinement factor, 𝑁𝑜 is the carrier density at trans-parency, 𝜏𝑝 and 𝜏𝑒 are the photon and electron lifetimes, respectively,𝛽𝑠𝑝is the fraction of spontaneous emission coupled into the lasing mode,
𝑞 is the electron charge, 𝑉 is the active layer volume, 𝜀 is the gaincompression, 𝑔𝑜 is the gain slope constant, 𝑅𝑠𝑝 is carrier recombinationrate, 𝐴 is the non-radiative recombination rate, 𝐵 is the radiativerecombination coefficient and 𝐶 is the Auger recombination coefficient.The gain slope constant can be expressed by 𝑔𝑜 = 𝜈𝑔𝑎𝑜, where 𝜈𝑔 is thegroup velocity and 𝑎𝑜 is the active layer gain coefficient.
2.1.2. DML chirpThe interaction between phase and intensity modulation in DML isdescribed with the help of the laser rate equations, which describe howthe changes in the carriers’ density will influence the optical field insidethe DML cavity. The relation between the instantaneous frequency andthe optical modulation power is shown to be [22]:
𝜈 (𝑡) = 𝜈𝑜 + 𝛥𝜈 (𝑡) (10)
= 𝛼
4𝜋
(
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where 𝛼 is the bandwidth enhancement factor. The DML chirp frequency
𝜈 (𝑡) can be described as [22,23]. Eq. (11) shows the frequency chirp ofDML is combination of adiabatic (Frequency modulation) and transientchirp (phase modulation) contributions.𝜅 is adiabatic chirp coefficientwhich makes the transient chirp masked.
2.1.3. DML amplitude frequency response and bandwidthWhen the DML is biased above threshold with a bias current 𝐼𝑏, andthe signal modulation current 𝐼𝑚 is added to the bias current, the totalinjection current can be described as [24]:
𝐼 = 𝐼𝑏 + 𝐼𝑚. (13)
As a result, when the bias current, above the threshold, we assume
𝐼𝑏 ≫ 𝐼𝑚 for small-signal modulation. It should be noted that thebandwidth of the DML would be enhanced based on the rate (𝐼𝑏 − 𝐼𝑡ℎ)0.5from the DML bandwidth Eq. (14) as:
𝛥𝐵3−𝑑𝐵𝐷𝑀𝐿 ≈
(
3𝐺
4𝜋2𝑞
(
𝐼𝑏 − 𝐼𝑡ℎ
))0.5 (14)
where 𝐺 is the damping rate ratio of the gain, 𝑞 is electron charge. Therelaxation oscillation frequency (𝑓𝑟) can be approximately expressed by:
𝑓𝑟 ≈
(
𝐺
4𝜋2𝑞
(
𝐼𝑏 − 𝐼𝑡ℎ
))0.5
. (15)
The amplitude frequency response of the DML transmitter undersmall signal modulation can be expressed as [25]:
𝐻𝜔 (𝜔) =
𝜔2𝑟
𝜔2𝑟 − 𝜔2 + 2𝑗𝐺𝜔
(16)
where 𝜔𝑟 is the angular frequency of relaxation oscillation frequency
𝜔𝑟 = 2𝜋𝑓𝑟.
2.1.4. DML Frequency response after SMFIn the chirped DML, the complex small signal transfer can be takenthe expression form [25]:
𝐻𝐼𝑀↔𝑃𝑀 (𝜔) =
2𝑚𝑃𝑀
𝑚𝐼𝑀
exp (𝑗𝛥𝜑) = 𝑎 + 𝑗𝑏 (𝜔) . (17)
The part 𝑎 represents a phase modulation (PM) component thatwill change both the dips’ positioning and the lobes’ height and 𝑏 (𝜔)represents a frequency modulation (FM) component that has effect ondepth of the dips of the channel. The frequency response of a dispersiveintensity modulation/direct detection (IM)/(DD) channel can be writtenas [20]:
𝐻𝐼𝑀∕𝐷𝐷 (𝜔) = ||cos (𝜃) − sin (𝜃)𝐻𝐼𝑀↔𝑃𝑀 (𝜔)|| (18)
𝜃 = 𝐷𝜆
2𝜔2𝑧
4𝜋𝑐
(19)
where 𝜃 is related to the phase variation induced by the chromaticdispersion. 𝐷 is the fiber dispersion parameter, 𝜆 is the wavelength ofthe optical signal,𝑧 is the transmission distance, and 𝑐 is the speed oflight in vacuum. It is possible to find the DML small-signal frequencyresponse characterizing the chirp effect [20]:
𝐻𝐼𝑀↔𝑃𝑀 (𝜔) = 𝛼 − 𝑗
𝛼𝜔𝑐
𝜔
(20)
𝛥𝜑 = tan−1
(
−
𝜔𝑐
𝜔
) (21)
2𝑚𝑃𝑀
𝑚𝐼𝑀
=
√
𝛼2 +
(𝛼𝜔𝑐
𝜔
)2 (22)
𝜔𝑐 = 𝜅𝑝. (23)The frequency response of the dispersive SMF in DML/DD can beexpressed as [20]
𝐻𝐼𝑀∕𝐷𝐷 (𝜔) =
||||cos (𝜃) − sin (𝜃)(𝛼 − 𝑗 𝛼𝜔𝑐𝜔 )|||| . (24)When the DML chirp is mostly influenced by the pure PM term(transient chirp), Eq. (24) will be:
𝐻𝐼𝑀∕𝐷𝐷 (𝜔) =
√
1 + 𝛼2 cos
(
𝜃 + tan−1 (𝛼)
)
. (25)
When the DML chirp is mostly influenced by the pure FM term(adiabatic chirp), Eq. (24) will be:
𝐻𝐼𝑀∕𝐷𝐷 (𝜔) =
𝛼𝜅𝑝
𝜔
sin (𝜃) . (26)
Then, the total frequency response of the dispersive SMF in DML/DDcan be expressed as [9]:
𝐻𝐼𝑀∕𝐷𝐷 (𝜔) =
√
1 + 𝛼2 cos
(
𝜃 + tan−1 (𝛼)
)
+ 𝛼𝜅𝑝
𝜔
sin (𝜃) (27)
where 𝑃 is the output power of the laser, and 𝜔 is the angular frequencyof the modulated signal. The first and second terms of Eq. (27) approxi-mately represent the transient and adiabatic chirp of DML, respectively.
2.2. Method
The optical link considered for symmetric 10 Gb/s directed mod-ulated laser (DML) transmission is depicted in Fig. 1(a). For bothdownstream and upstream links, the DML employs a non-return-to-zero(NRZ) on–off-keying (OOK) modulation format and driven by 10 Gb/spseudorandom binary sequence (length = 211−1) where the confidenceinterval is 0.84 for 11 bits in data stream [26]. To practically generatethe DML current, due to some limitation in our facilities, we assumethat the bias current of 75 mA is set and applied to a DML with amulti-quantum well active layer operating at 1597.74 and 1544.11 nmfor downstream and upstream direction, respectively, and exhibitinga threshold current of 10 mA which is set in the simulation. Thisassumption of bias current is inherited to meet practical agreementwith the linewidth enhancement factor which is set to 2 in this work.The modulated optical signal generated at the output of the DML is
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Fig. 1. (a) Symmetric 10 Gb/s DML with dispersion compensation. (b) Output optical power and chirp with 𝜅 = 125 × 10−5 Hz/w from Eq. (12). (c) Output optical power and chirp with
𝜅 = 125 × 1012 Hz/w from Eq. (12) (d) Relaxation oscillation frequency of the DML versus the square root of the bias current above threshold. (e) Frequency responses of the DML fromEq. (16).
transmitted over a dispersion compensator (DCF) with 13 km lengthto increase the chromatic dispersion transmission limit before beingamplified by erbium-doped fiber amplifier (EDFA) and transmitted overa 140 km single mode fiber (SMF) with a dispersion parameter D= 16.75ps/km/nm. A semiconductor optical amplifier (SOA) is used with gainof 18 dB and 7.5 dB noise figure (NF) to compensate for the loss. Notethat the SOA can be replaced by a RSOA for cost effective purposes.However, in terms of good performance, SOA is preferred. A band passfilter (BPF) is then employed to filter out the effect of the amplifiedspontaneous emission (ASE) noise from the SOA. Then, the signal isdetected by an avalanche photodiode (APD) at the receiver side. As forupstream link, the modulated optical signal generated at the output ofthe DML is transmitted over a single mode fiber (SMF) with a dispersionparameter D = 16.75 ps/km/nm. The upstream link is amplified byEDFA before a DCF is employed to enhance the transmission distanceof 140 km SMF. Then, a SOA is used to improve the receiver sensitivityfollowed with a BPF to mitigate the effect of ASE, and the signal is thendetected by an ADP receiver.
Typical values for the DML rate equation parameters can be foundin Table 2 and are adequate for general simulation purposes. However,detailed knowledge of the rate equation parameters for a particulardevice is necessary to obtain close agreement between simulation andnumerical results.
2.3. Numerical results
The power and chirp waveforms are shown in Fig. 1 (b and c)for different adiabatic chirp coefficient values. When using a DMLtransmitter with (𝜅 = 125 × 10−5𝐻𝑧∕𝑤 ) as shown in Fig. 1(b), astrongly dominated transits chirp behavior presents. The adiabatic chirpcomponent is significantly lower than the transient chirp component.The time variations of the chirp do not strongly follow the opticalpower. This is because lasers with strongly dominated transient chirpbehavior do not have a direct relationship between laser output powerand generated chirp. When (𝜅 = 125×1012𝐻𝑧∕𝑤 ) as shown in Fig. 1(c),this exhibits a strongly adiabatic dominant chirp behavior. As the optical
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Fig. 2. Frequency response of the SMF induced by adiabatic and transient chirp after (a) 20 km, (b) 50 km, (c) 100 km, and (d) 140 km long transmission from Eq. (27).
power is proportional to the bias current, the time variations of theadiabatic chirp strongly follow the optical power. This is also due to thefact that the lasers with strongly dominated adiabatic chirp behaviorhave a direct relationship between laser output power and generatedchirp. Despite the fact that with great bias current values and highoptical power the adiabatic chirp is dominant over the transient chirp,the effects of whether adiabatic or transient chirp dominant in DMLs be-havior is serious in terms of degrading the transmission performance for10 Gb/s data rate unless real bandwidth enhancement factor is reduced.Fig. 1(d) shows the relaxation oscillation frequency of the DMLversus the square root of the bias current above threshold (𝐼𝑏 − 𝐼𝑡ℎ)0.5.The DML used in this work exhibits a broad 3-dB bandwidth of 6 GHzwhen biased current is assumed to be at 75 mA, which equivalentto 𝛼 = 2 . This bandwidth can be enhanced not only based on thebias current, but also the damping rate can help to enhance the DMLbandwidth as shown in Eq. (14). While the physical origin of thoseoscillations is the interplay between the injected carriers and emittedphotons, the oscillation frequency depends on the DML output power,hence on the value of the driving current as shown in Eq. (15). A highoutput power from DML can lead to help optical access networks interms of securing a large power budget. This would lead to reducethe effect of waveform distortions caused by the relaxation oscillationof the laser diode when we increase the bias current. This is becausethe relaxation oscillation frequency of DML increases with (𝐼𝑏 − 𝐼𝑡ℎ)0.5,where 𝐼𝑏 is the bias current and 𝐼𝑡ℎ is the threshold current. Theoscillation frequency increases with the bias current at a rate of 1.6GHz/mA 1∕2. As a result, the 3-dB bandwidth of the DML is enhanced tomore than 7 GHz to accommodate 10 Gb/s DML, as shown in Fig. 1(e).The frequency response of DML also shows that we have a relatively flatresponse up to 5 GHz.
Fig. 2 shows that the adiabatic chirp serves to compensate for thefrequency notch induced by the transient chirp because the notch causedby transient and adiabatic chirp, to some extent, appears at differentfrequencies until the frequency of 20 GHz as shown in Fig. 2. Whilethe range of frequency corresponding to frequency response in thisinvestigation is limited to 20 GHz and not compensated by adiabaticchirp, the bandwidth of the dispersive SMF in DML/DD, after thetransmission over 140 SMF, is determined mostly by the notch frequencyof the adiabatic chirp that can be written in referring to the notchfrequency as:
𝐵𝑤 ≈
√
𝑐
𝐷𝜆2𝑧
. (28)
We note that the bandwidth of DML after SMF transmission of 140km does not depend on the DML’s chirp parameters. The 3-dB bandwidthof the 140 km long SMF in a DML/DD system is 7.2 GHz obtained byusing Eq. (27) which is met with the 3-dB bandwidth of the 140 km longSMF obtained by Eq. (28). The results show that when the adiabaticchirp parameter 𝜅 is very high, the transient chirp is compensated bythe adiabatic chirp and both 3-dB bandwidth from Eqs. (27) and (28))are in agreement. However, when the adiabatic chirp parameter 𝜅 isvery small, the transient chirp cannot be compensated by the adiabaticchirp and, in this case, the bandwidth of the optical fiber is limited bythe frequency notch induced by the first transient chirp. In any case,while the bandwidth enhancement factor 𝛼 of a DML typically is 2, weconclude that the bandwidth of SMF in a DML/DD system is mainlydetermined by the accumulated chromatic dispersion rather than thelaser’s chirp parameters.
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Table 2System simulation parameters.
DML
Parameter Symbol Value
Active-region volume 𝑉 3 × 10−13𝑐𝑚3Confinement factor 𝛤 0.229Gain compression factor 𝜀 0.259 × 10−17𝑐𝑚3Linewidth enhancement factor 𝛼 2Differential quantum efficiency 𝛾𝑜 0.19Photon lifetime 𝜏𝑝 770𝑝𝑠Electron lifetime 𝜏𝑒 1.6𝑝𝑠Spontaneous emission factor 𝛽𝑠𝑝 1.8 × 1012Carrier density at transparency 𝑁𝑜 1.23 × 1018𝑐𝑚−3Group velocity 𝜈𝑔 8 × 109𝑐𝑚∕𝑠Gain constant 𝑎0 9.5 × 10−16𝑐𝑚2Damping rate 𝐺 3
DCF
Parameter Value
Dispersion at reference of 1550 nm −80𝑝𝑠∕𝑛𝑚∕𝑘𝑚Length 13 kmAttenuation 0.5𝑑𝐵∕𝑘𝑚Dispersion Slope 0.07𝑝𝑠∕𝑛𝑚2∕𝑘𝑚
SMF
Parameter Value
Dispersion at reference of 1550 nm 16.75𝑝𝑠∕𝑛𝑚∕𝑘𝑚Length 140 kmAttenuation 0.2𝑑𝐵∕𝑘𝑚Dispersion Slope 0.075𝑝𝑠∕𝑛𝑚2∕𝑘𝑚
APD
Parameter Value
Responsivity 1𝐴∕𝑊Thermal noise 1.84 × 10−22𝑊 ∕𝐻𝑧
2.4. Comparison simulation results with theoretical results
Fig. 3 shows a comparison of the simulated frequency responseusing optical communication system design software and theoreticalfrequency response using Eq. (16) with the function of frequency re-vealing a close agreement as shown in Fig. 3(a). Both the calculated andsimulated responses showed a broad peak at around 5 GHz. However,the simulated response has some fluctuation due to the simulationenvironment relaxation oscillation while the theoretical is obtained byconstant values. Despite this argument, the trend is clear and our modelprovides good approximations. Overall, this most likely reflects theaccuracy of the simulation and the theoretical parameters and trends.That said, it is important to note that the simulation results are notreally exact for TWDM-PON and DML characterization performancewhen compared to practical demonstration.We compare the theoretical chirp waveforms with the simulatedresults as shown in Fig. 3(b). The calculations are using Eq. (12). Weobtained a good agreement between the calculated and the measuredwaveforms. The calculated chirp is 4.5 × 1011 Hz for peak to peakwaveform. This is close to the simulated value of about 4.45×1011 Hz asshown in Fig. 3(b). This certainly reflects the accuracy of the simulatedand the calculation parameters. It can be seen that both simulatedand calculated chirp of some peaks have likely view of overshot atdifferent samples of certain times due to the different environmentsin terms of relaxation oscillation frequency. However, the obtainedsimulation waveform and calculated waveforms with the signal rateequation waveform model have shown close agreements and as wellas reasonable prediction.Fig. 4 illustrates a comparison between simulation and theoreticalresults after SMF distance transmission. The results show that thesimulated frequency responses agree with the theoretically calculatedvalues obtained by using Eq. (27). However, it can be noted fromFig. 4 that some differences appear at frequency of 12 GHz betweenthe theoretical and simulated curves due to the start of dip frequency
Fig. 3. Comparison of theoretical and simulated results for (a) frequency response and(b) waveform chirp.
induced by the transient chirp of DML effect. Fig. 4 investigates thetheoretical frequency response as a function of frequency in an attemptto study the impact of the adiabatic and transient chirp of DML afterSMF 140 km.
2.5. Transmission performance
We evaluate the back-to-back (BTB) performance of the single chan-nel performance of both downstream and upstream transmissions andcompare with the results from 140 km bidirectional SMF transmissionsas shown in Fig. 5. As an illustration, we showed the BERs andsensitivities at 1597.74 nm and 1544.11 nm in the downstream andupstream directions, respectively. At a BER of 10−5, the power penaltyafter 140 km with SOA and DCF transmission, and with SOA and withoutDCF transmission for the downstream direction is 10.5 dB, while it hasbeen observed at 10 dB for the upstream direction as shown in Fig. 5(a)and (b), respectively.The receiver sensitivity with SOA and DCF transmission is about-38.1 dBm while with SOA and without DCF transmission is -27.6dBm for the downstream direction. For the upstream direction, theobtained receiver sensitivity with SOA and DCF transmission is -38.5dBm while it is about -28.5 dBm when SOA is used and without DCFtransmission. For the case of BTB transmission, at a BER of 10−5, thepower penalty for BTB with SOA and DCF transmission, and BTB withSOA and without DCF transmission is 3.6 and 5.1 dB for downstreamand upstream directions respectively. The receiver sensitivity in termsof SOA and DCF transmission is -22.9 dBm while with SOA and without
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Fig. 4. The simulated frequency responses of SMF in a DML system in comparison with the theoretically calculated curves by using Eq. (27).
DCF transmission is -19.3 dBm for downstream direction. For theupstream direction, the obtained receiver sensitivity with SOA and DCFtransmission is -24.4 dBm while it is obtained at -19.3 dBm when SOA isused without DCF transmission. The power penalties are mainly causedby the filtering effects at the ONU and OLT, and the accumulated fiberdispersion during the transmissions. The wavelength band utilized inboth downstream and upstream directions can also lead to dispersionpenalties due to the condition of the wavelengths in that band. Note thatthe receiver sensitivity for the downstream and upstream signals after140 km is better than the BTB transmission because the right control ofSOA’s injection power plays a significant role to improve the receiversensitivity.Next, the eye diagrams and the sensitivities of the signal in bothdirections at transmission distances of 0, 30, 60, 100 and 140 km areperformed, and the results are shown in Fig. 6. For both directions, theevaluation was carried out using DML with a launched power of 20dBm and operating wavelength of 1597.74 nm and 1544.11 nm fordownstream and upstream directions, respectively. At 0 km or BTB,both downstream and upstream directions show good performance.Upon transmission distance increment to 30 km, a degradation of eyediagram quality can be observed for both directions. For the 60 kmcase, the eye diagram is distorted gradually for both downstream andupstream sides, as illustrated in Fig. 6 (a) and (b). With increasingfiber transmission distance to 100 and 140 km for both sides, thequalities are worse than the previous cases. This is caused by the higheraccumulated residual chromatic dispersion at increased transmissiondistances. The findings show that the negative dispersion effect from
DCF can effectively compensate for the positive dispersion from SMF. Itshould be noted that until 140 km, the eye diagram is still not completelyclosed which is possible with the assistance of the proposed scheme.
3. 40 Gb/s TWDM-PON with dispersion compensation
3.1. Method
Fig. 7 shows the system architecture of a symmetric 40 Gb/s TWDM-PON that utilizes the proposed DCF where 10 Gb/s four pair wave-lengths are stacked to achieve 40 Gb/s aggregate data transmission forboth upstream and downstream links. The key feature of the proposedDCF scheme is to extend transmission distance since it has an adversedispersion effect. Therefore, it is preferred for long PON applications.In each transmitter (TX) block of the OLT, a low cost DML is driven by10 Gb/s PRBS with a word length of 211 − 1. In this demonstration, weutilize a short PRBS length of 211 − 1 to minimize the pattern effects.Then, the signals are multiplexed by a WDM MUX and injected intoa DCF. After the WDM MUX and DCF, the signals are amplified byan erbium-doped fiber amplifier (EDFA) with 23 dB gain and 3.5 dBnoise figure (NF). Passing through the 140 km SMF, the signals aredistributed to each ONU by a splitter at the RN. At the ONU side, anSOA amplifies all the four downstream channels with 18 dB gain and6 dB NF to compensate for the losses. Then, a tunable optical filter(TOF) is employed to select the desired channel and suppresses the ASEnoise from SOA before the signal is launched into the APD detectorat the receiver (RX). The downstream wavelengths are set at 1596.14,1596.94, 1597.74 and 1598.54 nm.
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Fig. 5. BER performance as a function of received power for (a) downstream signal at1597.74 nm and (b) upstream signal at 1544.11 nm.
For the upstream direction, four working DMLs are used as theupstream transmitters with a tunable range of 3.2 nm. The DMLs arethermally tuned to four wavelengths separated by 0.8 nm which are setat 1541.71,1542.51,1543.31 and 1544.11 nm, where each wavelengthhas an output power of 20 dBm. After combining and passing through140 km SMF, the upstream signals are first injected into an EDFA with20 dB gain and 3.5 dB NF for amplification before being sent to theDCF. Further, an SOA with 18 dB gain and 6 dB NF follows after toimprove the receiver sensitivity. Both NF and gain parameters in opticalamplifiers can play a significant role in degradation and improvementof the system link performance. The values of NF and gain are chosento be suitable for the circumstance of the design and in principle, anyNF link can be overcome with a sufficiently high gain. In other words,increasing the gain while reducing the NF is possible to a limit thatmakes the approach of amplification more feasible, where the NF is acritical parameter in the system link amplifier application and should beas low as possible since it determines the lowest achievable sensitivityvalue. Hence, the interaction between both gain and NF need to bemanageable and meet values that have interests in both fundamentaland practical demands [27].Finally, a WDM DEMUX is directed to four upstream channels. TheDEMUX also plays a role to suppress the ASE noise from a SOA since iteffectively serves as a BPF. An APD at RX is assigned for each channel todirectly detect the desired upstream channel for upstream performanceevaluation. Finally, with respect to the cost of the ONU structure, werecommend to place a DCF at the OLT to reduce the cost of ONU since itis very important to take the cost effectiveness of ONU into consideration
Fig. 6. Receiver sensitivity as a function of SMF distances (a) downstream signal at1597.74 nm and (b) upstream signal at 1544.11 nm.
for TWDM-PON architecture. Furthermore, the SOA at ONU will notbe too highly attributed for the benefit of the design. As a whole,better performance induces higher cost, but our goal is to maximize theperformance to cost ratio for TWDM-PON applications. The spectrum ofdownstream and upstream wavelengths is demonstrated in inset (i) and(ii) of Fig. 7.
3.2. Result
We evaluate a symmetric 40 Gb/s TWDM-PON system performancefor four channels for both downstream and upstream transmissionutilizing the DCF as an alternative to improve the power budget ofTWDM-PON. Fig. 8(a) and (b) show the BER curves for downstreamand upstream signals via DMLs sources against the received opticalpower after 140 km SMF transmission of the four downstream andupstream signals, respectively. The obtained power penalty between thedownstream signals after transmission is less than 1.5 dB at BER of 10−5with receiver sensitivity of -36.6 dBm. However, the upstream signalsafter transmission demonstrate more than 2.4 dB power penalty at BERof 10−5 where the receiver sensitivity is -36.8 dBm.For both directions, the results show a significant variation of signalqualities which lead to significant power penalties; this is mainly influ-enced by the wavelength bands where the wavelengths have differentconditions. Dispersion is induced from the fiber transmission in additionto there being no specific technique for the DMLs chirps other thancontrolling the most critical parameters that play a significant role toimprove the transmission performance with the help of DCF technique.The downstream and upstream wavelengths are in different wavelength
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Fig. 7. 40 Gb/s TWDM-PON system with dispersion compensation, the inset (i) the spectra of the downstream channels, (ii) the spectra of the upstream channels.
Table 3Power budget evaluation TWDM-PON system.
Downstream Upstream
140 kmw/DCF(1 channel) 140 km w/DCF(4 channel ) 140 kmw/DCF(1 channel) 140 km w/DCF(4 channel )
Transmitted power (dBm) 20 20 20 20Received sensitivity −38.1 −36.6 −38.5 −36.8Fiber loss (dB) 28 28 28 28Splitting loss (dB) 27 27 27 27Total loss (dB) 55 55 55 55Power budget (dB) 58.1 56.6 58.5 56.8
bands with large wavelength difference between both directions. Hence,the effect of cross gain modulation (XGM), cross phase modulation(XPM) and four wave mixing (FWM) between the downstream andupstream signals are minimal. This work exhibited a significant im-provement to the previous works [5,19] that deploy DI or filtering astheir mechanism of chirp mitigation. As a result of high DML toleranceto high power as reported in [28], more users can be supported dueto the increase in power budget. Using the SOA as amplifier anddirectly boosting the signal induces a strong pattern effect, hence theeye diagram the BER cannot be obtained. Therefore, the power injectedto the SOA amplifier should be small for boosting linear amplificationas reported in [18].
3.2.1. Power budget evaluationThe concept of power budget is determined by the transmittedpower and the receiver sensitivity. The transmitted power is 20 dBmfor downstream and upstream single channel respectively leading topower budgets of 58.1 for the downstream and 58.5 dB for the upstreamdirection, respectively. The receiver sensitivity for four channels is -36.6and -36.8 dBm for downstream and upstream directions respectively,taking into consideration that the transmitted power is 20 dBm for bothdirections. Therefore, this results in power budgets of 56.5 and 56.8 dB,respectively, for the downstream and upstream directions among thetransmitted four channels. Finally, according to the sensitivity of thereceived signal and the output power of the laser source, the proposedscheme of 40 Gb/s TWDM-PON architecture supports up to 512 splitsover 140 km SMF transmission distance estimated power budget of 56.6dB. The detailed downstream and upstream power budgets are shown in
Table 3, where the loss of all other passive components has already beenneglected. It should be noted that the system power budget of 56.6 dBis observed at the downstream direction where the launched power islimited by the cross phase modulation effect between different channels.We provide a comparative view of the power budget capabilities ofTWDM-PON system. In existing research of power budget on TWDM-PON system, the main objective is to minimize the cost consumptionof the system while improving the services to the remote places.Even though existing studies on TWDM-PON system, have reportedacceptable constrained long reach, these studies have not consideredan improved power budget to remote places on TWDM-PON systemenvironment. We compare the power budget performance of our pro-posed scheme against other published work of TWDM-PON system, asshown in Table 4. Since we do not have a TWDM-PON system testbedyet in our lab, we compare our proposed scheme with experimentalschemes existing in the literature. However, the reported power budgetcan achieve the similar budget with the experiment TWDM-PON system,so we believe the power budget in simulations procedure is comparablein this view.A range of power budget between 31 to 53 dB is achieved that cor-respond to different maximum supported users, transmission distanceand splitting ratio. The previous schemes used delay interferometer (DI),specially designed tunable optical filter (TOF), Duo-binary modulationformat and pulse amplitude modulation (PAM-4) modulation format asdispersion compensators to mitigate the dispersion of DML and SMFon TWDM-PON for the different transmission distance. As shown inTable 4, the previous schemes power budgets are 53, 51, 43.2, 39 and38 dB which support 100, 40, 100, 25, and 50 km fiber transmission
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Table 4Comparisons of Power budget performance for our proposed TWDM-PON system.
Parameter Proposed scheme Scheme in [19] Scheme in [18] Scheme in [5] Scheme in [16] Scheme in [15]
Transmission distance (km) 140 100 40 100 25 50Splittingratio 1:512 1:512 1:2000 1:64 1:1024 1:256Powerbudget (dB) 56.6 53 51 43.2 39 38Key technique DCF DI SOA DI Special designed TOF DI
Fig. 8. BER as a function of received power for (a) downstream signals and (b) upstreamsignals.
distance and 1:512,1:2000, 1:64, 1:1024, and 1:256 splits, respectively.Compared to the above results, the power budget of our scheme hasthe highest value that could support up to 512 splits over 140 km fiberdistance.
4. Feasibility investigation
4.1. Bandwidth enhancement factor (𝛼) feasibility
We investigate the influence of random values of bandwidth en-hancement factor 𝛼 of DML on TWDM-PON system performance forboth downstream and upstream direction. Fig. 9 illustrates different BERperformance of TWDM-PON system as a function of the received powerunder different 𝛼 values. As clearly presented in both Fig. 9 (a) and (b),the performance improves with the decrease in the 𝛼 values. When the 𝛼decreases, the DML can transmit high data rate at both OLTs and ONUs,thereby increasing bandwidth spectral of DML.When 𝛼 increases, the DML cannot transmit high data rate at bothOLTs and ONUs due to the effect of frequency chirp; thus, decreasingthe bandwidth spectral as a small 𝛼 values helps to prevent the effect
Fig. 9. BER performance as a function of received power under different 𝛼 values.
of the inter-symbol interferences in DML transmission characterization.For 𝛼 value of 2, the receiver sensitivity is -36.4 dBm at BER of 10−5 fordownstream link while the receiver sensitivity is -36 dBm at BER of 10−6for upstream link as shown in Fig. 9(a) and (b), respectively. For 𝛼 of 9,the receiver sensitivity is -28.6 dBm at BER of 10−5 for downstream linkwhile the receiver sensitivity is -27.8 dBm at BER of 10−6 for upstreamlink as shown in Fig. 9(a) and (b), respectively. Based on the outcomeof this investigation, it is important to note that the 𝛼 value plays animportant role in the aspect of DML frequency chirp effect in this work.However, our results indicate that the 𝛼 of the DML is in acceptablerange to support the quality of services requirements of practical accessnetworks.
4.2. Power budget with dispersion feasibility
While the main goal of this work is to improve the power budget ofthe TWDM-PON system, this investigation aims to consider the length
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Fig. 10. Power budget as a function of SMF distance with different DCF lengths for (a)downstream link at BER of 10−5 and (b) downstream link at BER of 10−6.
of the DCF to get the whole system power budget. Fig. 10(a) and (b)illustrate the whole system power budget achieved as a function of SMFdistance under different DCF lengths for both downstream and upstreamlinks, respectively.It is clearly observed that, without DCF, an increasing fiber lengthbrings in power budget reduction, resulting from the residual dispersioninduced system degradation. This effect worsens the power budget andsubsequently reduces the long reach that system can support. For aspecific fiber length, a suitable DCF length is required, thus a largepower budget is observed. In addition, it can be seen in Fig. 10(a) and(b), for the DCF length of 1 km, the power budget of both downstreamand upstream links of ∼32.2 dB can be obtained for the fiber length of140 km. When the DCF length increases to 4 km, we achieve powerbudget of ∼38.2 dB over 140 km SMF. As the DCF length increasesto 7 , 10 and 13 km, the power budgets of ∼ 44, 50, and 56 dB areachieved over 140 km SMF where the accommodated users is fixed inthis investigation, which is 512 users. Hence, from above analysis, it canbe seen that the system power budget is adjustable when different DCFis adopted as the DCF with SMF distance length is strongly correlated tothe whole system power budget.
5. Conclusion
We propose to use a DCF in OLT to improve the loss budget of40 Gb/s TWDM-PON system. The distortion resulting from the DML isminimized by output optical power and enhancement bandwidth factorbased on signal rate equations. 56.6 dB power budget is achieved with
the ability to support 140 km fiber transmission and more than 512users.Our simulation results demonstrate a sufficient dispersion compen-sation for DML-based TWDM-PON transmission system. While resultsare not absolute due to variations that can occur in practical implemen-tation, our analysis demonstrates the feasibility of using DCF to improvethe power budget of 40 Gb/s TWDM-PON links.
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